& Context Root rot and stem canker caused by Oomycete species belonging to the genus Phytophthora often seriously limit culture of true firs (Abies spp.) & Aim An investigation of the variation of resistance among Abies species to Phytophthora cinnamomi was carried out to identify potential sources of resistance in the genus. & Methods Thirty-two Abies species were grown in a greenhouse for 2 and/or 3 years from seed. Seedlings were moved to an outdoor lath house, inoculated with rice grains colonized with P. cinnamomi, and subsequent mortality was assessed biweekly for 16 weeks. & Results Disease developed rapidly resulting in 88.1 % overall mortality 16 weeks after inoculation. Mortality was less in two of the eight taxonomic sections of the genus evaluated, Momi (0.65±0.0252) and Abies (0.79±0.0193). Mortality in all other sections exceeded 93 %. Final species mortality ranged from 10.6 % (Abies firma) to 100.0 % (several species). & Conclusions Although several caveats apply, results have identified potential sources of Abies to be used as (1) resistant planting stock, (2) grafting rootstock, and (3) parents in hybridization/backcrossing programs in order to mitigate losses caused by P. cinnamomi.
Introduction
The true firs (Abies spp.) make up the second largest genus of the pine family (Pinaceae). Firs are medium to large coniferous trees typically narrowly pyramidal in shape with upright deciduous female cones that mature in one season. They occur mostly in temperate and frigid latitudes and higher elevations of the northern hemisphere. Fir taxonomy remains somewhat controversial partially due to intermediate forms among closely related species. Recently, taxonomists have described 39, 40, 45, 46, 49, or 55 Abies species worldwide (Eckenwalder 2009; Farjon 1990; Farjon and Rushforth 1989; Krüssmann 1995; Liu 1971; Rushforth 1987) . Taxonomic names used herein (Table 1) follow the Farjon (1990) classification with three exceptions where the Krüssmann (1995) classification was employed: (1) Abies borisii-regii was considered a separate species rather than a hybrid between Abies alba × Abies cephalonica and (2) Abies bornmuelleriana as well as (3) Abies equi-trojani were considered separate species rather than one subspecies of Abies nordmanniana.
Although there are some notable exceptions, the firs as a group are not commercially important in the production of wood and pulp products, particularly in comparison to other conifers such as the spruces (Picea spp.) and pines (Pinus spp.). The oleoresin of firs is sometimes commercially used for medicinal purposes, as a medium for permanently mounting microscope slides and for cementing components of optical systems (Burns and Honkala 1990; Harlow and Harrar 1969; van Gelderen and van Hoey Smith 1995) . Firs are beautiful trees in their natural habitat but their role as ornamentals is not prominent. Nevertheless, prostrate, compact, pendulous, and blue-foliage cultivars (over 150 total) have been developed that can add novel and beautiful textures, colors, and shapes to residential landscapes (van Gelderen and van Hoey Smith 1995) .
Firs are ideally suited for use as Christmas trees due to their natural conical shape, pleasant color and aroma, and strong branches for holding ornaments. Additionally, many fir species have excellent needle retention ability allowing them to be harvested and shipped weeks before their use in consumers' homes. Annual Christmas tree use exceeds 30 million in North American and 50 million in Europe (Chastagner and Benson 2000) .
Some of the most serious diseases afflicting fir Christmas tree production are Phytophthora root rot and stem canker (Chastagner and Benson 2000) . The Phytophthora species associated with disease of fir varies with host species and region but include Phytophthora cactorum (Leb. and Cohn) (Benson and Grand 2000; Benson et al. 1976; Chastagner 1997; Shew and Benson 1982) .
In the Southern Appalachian region of the USA, cultivation of Abies fraseri (Fraser fir) as Christmas trees has developed into a significant industry over the last 40 years. In North Carolina alone, revenue from Christmas tree sales, largely A. fraseri, totalled US$134 million in 2006 (Strickland 2007) . Regionally, significant mortality occurs in many Christmas tree nurseries and plantations due to root rot disease caused primarily by P. cinnamomi (Chastagner and Benson 2000) . While chemical methods are available for controlling this disease in seedling and transplant beds, chemical control in plantations is stop-gap at best (Benson et al. 2006) . Severely infested sites must be abandoned, perhaps permanently, for A. fraseri cultivation. With climate change, the range of P. cinnamomi is expected to expand (Sturrock et al. 2011) increasing the threat to both Christmas tree production and natural fir stands.
Since genetic resistance is widely used to ameliorate impacts of diseases caused by Phytophthora spp. in agriculture and horticulture (Erwin and Ribeiro 1996) , research has been carried out to identify resistant A. fraseri material by employing greenhouse inoculation trials. These trials confirmed experiences in highly infested Christmas tree plantations that A. fraseri is extremely susceptible to P. cinnamomi. Overall, mortality of A. fraseri seedlings in one greenhouse inoculation trial was 90 % after 122 days but varied significantly among geographic seed sources (Frampton and Benson 2004) . In another greenhouse inoculation trial, mortality of 100 A. fraseri open-pollinated families from a single geographic source ranged from 91 to 100 % 4 months following inoculation with 42 families exhibiting 100 % mortality (Frampton et al. 2003) . Surviving seedlings from both of these studies eventually died, and in a follow-up study, all seedlings from 100 openpollinated families representing each of the six major geographic sources of A. fraseri died within 4 months of inoculation (Frampton and Benson 2003, unpublished data) .
Given that these prior studies strongly suggest that little, if any, resistance to P. cinnamomi exists in young A. fraseri seedlings, an investigation of the variation of resistance among other Abies species was carried out. The results of this study successfully identified potential sources of resistance to P. cinnamomi in fir and ranked the relative resistance of many species in the Abies genus. Further, the large representation of the genus (about 70 % of described species) yielded insight into taxonomic and global geographic patterns of variation in host resistance not discernible in previous investigations. These results will be of interest to plant pathologists, conifer taxonomists, and forest geneticists as well as tree breeders, forestry practitioners, and Christmas tree growers.
Materials and methods

Plant production
Seeds of Abies species were obtained, mostly from US vendors, and used to grow containerized seedlings of 50 sources representing 32 species. More than one source of several species were included: Abies balsamea (four provenances), A. fraseri (three provenances), Abies magnifica (two provenances), A. nordmanniana (four provenances plus eight open-pollinated families from a Romanian plantation), and Abies procera (two provenances). Species represented all of the taxonomic sections recognized by Farjon (1990) except Section Oiamel Franco.
Seeds were stratified and then sown in April of 2000 and 2001 into fine vermiculite in a greenhouse in Raleigh, NC, USA. Thirty-two sources representing 24 species were grown in both years while 7 and 13 sources were grown only in 2000 and 2001, respectively. Germinating seedlings were transplanted into a 1:1 (v/v) mixture of peat and perlite in Ray Leach Pine Cells (66 cm 3 , Stuewe and Sons, Inc., Corvallis, OR, USA). Depending on seed availability and germination, as many as 20 germinants per seedlot were transplanted into each of four randomized blocks in the greenhouse. The seedlings were fertilized weekly with Peters 15-16-17 Peat Lite Special (150-200 ppm N) (J.R. Peters, Allentown, PA, USA) and treated with insecticides as needed. The photoperiod was extended to 16 h from August through October by placing 1,000 W halide lamps on a 3-m grid 1.4 m above the trees. The supplemental light was discontinued in November and the thermostat was set to 4°C to induce winter dormancy. During the summer of 2003, the seedlings were moved from the greenhouse for inoculations. Following inoculation, they were moved into an outdoor lath house and automatically irrigated twice daily (about 23 mm/day) completely saturating the medium.
Inoculum production and inoculation
One single genotype isolate (23ss04) of P. cinnamomi originally derived from A. fraseri was utilized. Inoculum was prepared by transferring three to four corn agar medium disks of the isolate to Erlenmeyer flasks containing 25 g of long-grain rice and 18 ml of deionized water (Holmes and Benson 1994) . The flasks containing rice grains and water had been autoclaved on two consecutive days prior to use.
Cultures were shaken by hand daily to avoid clumping of the rice grains as mycelia colonized the grains. Colonization of rice grains by P. cinnamomi was 100 % and the cultures were used between 7 and 10 days after preparation. During the summer of 2004, the seedlings were inoculated by making two holes about 2 cm deep and 1 cm from opposite sides of the seedling stem with a glass rod; then, placing a single colonized rice grain into each hole (Benson et al. 1997) . The medium was pushed back to cover the inoculum. Eight weeks after the original inoculation, all live seedlings were re-inoculated in the same manner using the same isolate as in the original inoculation.
Experimental design
Prior to inoculation, four blocks that had been maintained during greenhouse culture were slightly reconfigured as necessary to balance the number of seedlings of each source across blocks. Each source was represented by up to 20 seedlings per block. At inoculation, each source of the 2-year-old material was represented by 19 to 80 seedlings for a total of 3,258 seedlings, while each source of the 3-year-old material was represented by 20 to 80 seedlings for a total of 2,856 seedlings. Two blocks were inoculated in June and two on July 2004.
Data collection and analyses
Seedling heights were measured prior to inoculation. Seedling mortality (completely necrotic shoot) was assessed biweekly eight times after the initial inoculation. The probability of mortality of a single seedling 16 weeks after inoculation was modeled with the following fixed effects generalized linear model using a logit link function (i.e., a logistic regression model):
where η ijkl is the link function [g(μ)], μ is the conditional mean, π is the proportion of dead seedlings, R i is the effect of the ith block, A j is the effect of the jth age, S k is the effect of the kth taxonomic section, A j S k is the interaction effect between the jth age and the kth taxonomic section, Sp(S) l(k) is the effect of the lth species in the kth taxonomic section, ASp(S) il(k) is the interaction between the jth age and the lth species within the kth taxonomic section, and e ijkl is the random residual~N(0, Iσ e 2 ). This model was executed using the GLMMIX procedure of SAS/STAT software (SAS 2009) and only included the 24 species (32 sources) that were represented by both ages. Because age and its interactions with taxonomic section and species were not significant (p00.9816, 0.2012, and 0.2909, respectively) in this analysis, these terms were dropped from the model and a reduced model was run including all sources (except for the eight open-pollinated A. nordmanniana families):
To investigate within-species variation, separate analyses were conducted for the five species represented by more than one source employing the following model:
where T j is the effect of the jth source (provenance or openpollinated family) and other terms are as defined in Eq. (1). For A. nordmanniana, this model was run twice, first for the four provenances, and then for the eight open-pollinated families.
Reported least-squares means and standard error estimates were converted from the logit scale by applying the inverse link function:
Mortality curves for each species were developed to investigate differences in rate of mortality. The biweekly mortality assessments were fit to the nonlinear Richards' function using maximum likelihood techniques with a conditional binary distribution:
where δ 0 mortality, t 0 time in weeks and α, β, and c 0 equation coefficients. The α coefficient of Richards' function represents the upper asymptote of mortality. Together, the ß and c coefficients of the Richards' function determine the shape of the growth curve between the x-axis and upper asymptote (α). From the estimated coefficients, the following additional parameters were calculated for each species:
where A, B, and C0estimated coefficients, MR0weighted mean mortality rate (proportion/week), MaxMR0relative mortality rate at inflection point, i.e., where absolute mortality rate is maximum (proportion/week), and MR900time required to attain 90 % of final mortality (weeks). Midpoints for each species' geographic range were estimated by averaging the most northern and southern latitudes as well as the most eastern and western longitudes reported in the literature (Krüssmann 1995; Liu 1971) . Using the midpoint latitude and longitude values, the distance along both great-circle and loxodrome (rhumb) lines from each species to the approximate geographic coordinates of Sumatra (0.58°S, 101.37 E) were calculated. Sumatra coordinates were chosen to approximate the point of origin of P. cinnamomi (Zentmyer 1988) . A midpoint elevation for each species was also estimated by averaging high and low elevations from published ranges. Pearson correlation coefficients were calculated between the great-circle distance, loxodrome distance, latitude, longitude, elevation, and measures of mortality: final mortality lsmean, A, B, C, MR, MaxMR, and MR90. Additionally, the correlation between species initial height and final mortality was calculated.
Results
Root rot disease developed rapidly after inoculation (Fig. 1 ) resulting in 88.1 % overall final (16 weeks following initial inoculation) mortality. Blocks, taxonomic sections, and species within sections were significantly different for final mortality (p<0.0001). While block effects were significant, the range in mortality among blocks was small, about 1.1 %. Sect. Momi followed by Sect. Abies had significantly less mortality, 65.5 and 79.3 %, respectively, than the other sections, all of which exceeded 93 % mortality (Table 1) . Mortality differences among species were large ranging from 10.6 % (A. firma) to 100.0 % (several species) (Table 1) . However, no significant differences were found among provenances for the five species represented by more than one provenance. Variation among the eight open-pollinated families of A. nordmanniana was significant (p<0.0001).
Seedling height averaged 9.2 cm prior to inoculation. Although the average species height varied widely from 4.8 cm (A. cephalonica) to 21.6 cm (Abies guatemalensis), it was not correlated with final mortality (r00.13, p00.4669).
Estimated parameters of Richards' function revealed considerable variation in mortality curves among species (Table 2) . Estimates of the upper asymptote of the mortality curve (A parameter) approximated the final mortality of each species (r00.99, p>|r|<0.0001). The overall mean (MR) and maximum (MaxMR) mortality rates were estimated to be 14.4 and 68.0 %/week (Table 3 ). Mean mortality rates (MR) varied considerably from 2.4 %/week (A. firma) to 30.3 % for (A. fraseri). The overall time to 90 % mortality (MR90) was estimated be 7.2 weeks but ranged from 3.3 weeks (A. fraseri) up to 20.8 weeks (Abies cilicica).
Both loxodrome and great-circle distances of species' ranges from Sumatra were significantly and positively correlated with the estimated B parameter of Richards' function (r00.43 and 0.38, respectively), the mean mortality rate (r0 0.51 and 0.47, respectively), and the maximum mortality rate (r00.41 and 0.35, respectively) ( Table 4) . Species' range mid-elevations were not significantly correlated with any measure of mortality (Table 4) .
Discussion
Patterns of variation in resistance
Generally, the Abies genus was susceptible to mortality caused by P. cinnamomi although some variation was found. Taxonomic section and species rankings within the genus were based on the frequency of resistant (surviving) seedlings after inoculation with P. cinnamomi. The most resistant species, A. firma, also was ranked most resistant in an earlier resistance screening trial involving only six Abies species (Benson et al. 1997 ). This species is the type species for Sect. Momi, which ranked as the most resistant taxonomic section. This section includes Abies pindrow, the second most resistant species, but also some susceptible species. Sect. Abies included species that were susceptible to moderately resistant. Species from all other taxonomic sections evaluated were susceptible or very susceptible to mortality caused by P. cinnamomi.
Geographically, resistance in the Abies genus appeared largely to originate from eastern and central Asia and from the Mediterranean Sea region. All North American Abies species were susceptible. Perhaps, this geographic distribution of resistance reflects past contact during the evolutionary history of some Abies species with P. cinnamomi whose present-day native range is believed to be Southeast Asia (Erwin and Ribeiro 1996) . Specifically, Zentmyer (1988) Time from Inoculation (wks) Seedling mortality was assessed biweekly for 16 weeks after inoculation. Curves are for the overall mean and four species selected to represent a range of resistance suggested that the area of origin of P. cinnamomi is most likely from New Guinea into Malaysia, particularly Sumatra, and possibly through Thailand extending into Taiwan. Estimates of the distance of species ranges from Sumatra were significantly and positively correlated with measures of species mortality supporting this hypothesis. Loxodrome distances, which represent constant bearing routes and appear as curves on the globe but lines on Mercator projection maps, had a stronger relationship to mortality parameters than did great-circle distances. Greatcircle distances represent the shortest distance between two points on the globe. However, for many species (e.g., A. fraseri), great-circle distances from the species range to Sumatra passed across the north polar region and, hence, did not represent likely plant migration or pollen flow routes. Alternatively, the geographic pattern of resistance in Abies may reflect (1) past or current exposure to other Oomycete species or (2) adaptation to particular environmental factors such as climate or soils that also affect resistance (pleiotropy). Experience with some of the resistant and intermediate species suggests that they tolerate poorly drained clayey soils and warm summer temperatures better than most Abies species (Frampton 2004) .
No within-species variation for resistance was detected at the provenance level. Four of the five species represented by more than one geographic source were very susceptible so that provenance mortality ranged from 95 to 100 %. A. nordmanniana provided the best opportunity to examine within-species variation. Provenance differences for mortality were not significantly different but ranged from 75 (Borshomi) to 84 % (northeast Turkey). However, differences in mortality of the eight open-pollinated families from a Romanian plantation were significant and ranged from 43 to 88 %. Thus, there appears to be more tree-to-tree variation within a geographic source than variation among sources for resistance as is often the case with other forest tree characteristics.
Within-species variation was not a primary objective of this study. Additional evaluation of the geographic distribution of resistant trees within a forest species of interest, particularly one classified as intermediate or resistant, is needed.
Limitations
Caution should be employed when interpreting the results of this investigation. First, the techniques used may have overlooked some types of resistance. Young seedlings were inoculated in this study which may not possess some resistance mechanisms active in older trees. Further, the conditions of this trial were different and more favorable for disease development than those under most field conditions because (1) a relatively large amount of inoculum was applied, (2) the medium was kept continuously wet, and (3) the root system was confined in the container. Another concern is the limited representation of each species. Species were only represented by one or a few provenances. Since many Abies species, such as Abies sibirica, have huge geographic ranges, results for a particular species may have been different had another or additional provenances been evaluated. Lastly, this investigation only employed a single isolate of P. cinnamomi. Interactions among Abies taxonomic sections or species and pathogen isolates could not be detected, and if they exist, they may have affected the results. Future research utilizing Abies sources identified in this study as potentially resistant or susceptible is needed to address host × pathogen genotype interactions.
Implications
Despite caveats, these results have helped identify likely sources of resistance in Abies. Both Christmas tree growers in the Southern Appalachian region and researchers are pursuing strategies to use knowledge produced by this study. Growers are experimenting with grafting A. fraseri onto rootstock of A. firma and Abies bornmuelleriana for planting in known Phytophthora-infested areas (HibbertFrey et al. 2010; Hinesley and Frampton 2002) . Two recent cone collection expeditions to Turkey have resulted in the genetic resources to investigate within-species variation in A. bornmuelleriana and A. equi-trojani, not only for Phytophthora resistance, but also for adaptability, growth, and quality. Additionally, long-term hybridization and backcrossing efforts between A. fraseri and more resistant species have been initiated (Stejskal et al. 2011) . 
